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Figure 1. Changes in 16S rRNA gene concentrations of (A) Syntrophomonas and (B) Syntrophus in methanogenic bioreactors; ratio of 16S rRNA gene concentrations of
(C) Syntrophomonas and (D) Syntrophus to that of total Bacteria in bioreactors. Error bars indicate one standard deviation based on biological (n = 3) and technical
replicates (n = 2).

gene concentration throughout bioreactor operation, while the
order of Methanococcales was not detected by the qPCR assay
(Fig. 3B).

Dynamics of bacterial community by high-throughput
amplicon sequencing of 16S rRNA genes

Bacterial community dynamics in the triplicate bioreactors were
monitored using Illumina-based high-throughput amplicon se-
quencing of 16S rRNA genes for 18 biomass samples, which
produced a total of 1180 000 non-chimeric bacterial sequence
reads and an average of 68 000 sequences per sample. The
bacterial community structure of the bioreactors significantly
changed over time, while similar community structures were
maintained between the triplicate bioreactors. This result was
apparent by the significant increase in phylogenetic structure
differences within the bioreactor microbiomes (determined by
weighted UniFrac distances) relative to the initial conditions
(P = 0.0002; Fig. S9, Supporting Information), and by the sim-
ilar dynamics within the OTU sets of the triplicate bioreac-
tors (Fig. 4). The richness of the bacterial community signifi-
cantly decreased throughout the bioreactor operation (P= 0.005),
as did the community evenness (P = 0.007; Fig. S9, Support-
ing Information). These observed changes in the diversity and
phylogenetic structure within the bacterial communities indi-

cated that a specialized population of bacteria developed dur-
ing the degradation of oleic acid and its by-products, during
which non-growing bacterial groups were washed out of the
bioreactors.

The growth dynamics of all OTUs representing more than
1% relative abundance are shown in Fig. 4. The bacterial com-
munities were dominated primarily by the orders Clostridi-
ales and Anaerolineales, which together accounted for over
55% of the population by the end of bioreactor operation
(Fig. 5A) and were comprised mainly of the genera Syn-
trophomonas and Levilinea, respectively (Fig. 5B). Syntrophomonas
became the most abundant genus within the bacterial com-
munities by the end of the experiment, increasing in rela-
tive abundance from 6 to 19% of sequence reads (Fig. 5B).
Syntrophomonas-affiliated OTUs that were detected above 1%
relative sequence abundance (seven OTUs total) all showed
general patterns of increased abundance within the bioreac-
tor microbiomes over time (Fig. 4). Other bacterial orders that
experienced growth in the bioreactor microbiomes included
Synergistales and Enterobacteriales, which were comprisedmainly
of the genera Synergistes and Escherichia/Shigella, respectively
(Figs 4 and 5A). Notably, no Syntrophus sequences were detected
above 0.3% relative abundance throughout the bioreactor oper-
ation (data not shown), which is consistent with the results of
the qPCR assay.
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Figure 2. Correlation between the initial specific methane production rate dur-
ing the oleic acid batch degradation periods and the average relative abun-
dance of (A) Syntrophomonas 16S rRNA genes in bacterial community and

(B) methanogenic archaea 16S rRNA genes in prokaryotic community. The to-
tal methanogenic archaea gene concentration was determined as the sum of
all methanogen target groups, and the prokaryotic gene concentration was de-
termined as the sum of methanogenic archaea and total Bacteria gene counts.

Error bars for the specific methane production rate indicate one standard devia-
tion based on biological replicates (n = 3), and error bars for relative abundance
values indicate one standard deviation based on biological (n = 3) and technical
replicates (n = 2).

DISCUSSION

The dynamics and ecological role of syntrophic β-oxidizing bac-
teria in methanogenic bioreactors has been poorly understood
due to a relative lack of information regarding the concentra-
tion of these groups within anaerobic communities (Hansen,
Ahring and Raskin 1999; McMahon 2001; McMahon et al. 2004;
Ariesyady, Ito and Okabe 2007; Narihiro et al. 2012). The appli-
cation of the newly developed TaqMan qPCR assays in combi-
nation with high-throughput amplicon sequencing of bacterial
16S rRNA genes proved to be a valuable approach to monitor the
quantitative dynamics of syntrophic β-oxidizing communities
in bioreactors mineralizing oleic acid. Thus, the combination of
these assays may provide a platform for analyzing and survey-
ing microorganisms in anaerobic digesters degrading lipid-rich
wastes.

The increase in the initial specific methane production rate
by 4.6 times throughout the experimental period showed that

Figure 3. (A) Change in the 16S rRNA gene concentration of the sum of all

methanogenic archaea targets in bioreactors degrading oleic acid; (B) relative
abundance of the 16S rRNA gene concentration of each methanogenic target
group relative to the sum of methanogenic archaea targets; (filled squares)
= Methanomicrobiales; (filled circles) = Methanosaetaceae; (filled rhombus) =
Methanobacteriales; (filled triangles) = Methanosarcinaceae. Methanobacteriales and
Methanosarcinaceae remained below 1% relative abundance, while Methanococ-

cales was not detected by qPCR of the bioreactor samples. Error bars indicate
one standard deviation based on biological (n = 3) and technical replicates

(n = 2).

the bioreactor communities developed a greater capacity to
convert oleic acid into methane, which was likely caused by
the growth of LCFA-degrading consortia within the commu-
nity. The increase in the relative abundance of Syntrophomonas
species in the bioreactors to over 30% of the bacterial com-
munity determined by qPCR (Fig. 1C) showed that this group
was actively growing through oleic acid β-oxidation. The strong
correlation between the relative abundance of Syntrophomonas
species and the initial specific methane production rate from
oleic acid (Fig. 2A) further suggested that Syntrophomonas species
contributed to the increase in mineralization rates of the
LCFA observed in the bioreactors at higher oleic acid load-
ings. High-throughput amplicon sequencing corroborated the
observed growth of Syntrophomonas species by predicting that
Syntrophomonas-affiliated sequences increased to approximately
20% of the bioreactor communities (Fig. 5B). The various extent
of growth observed within the Syntrophomonas-affiliated OTUs
(Fig. 4) suggested that different Syntrophomonas ecotypes may
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Figure 4. Change in the relative abundance of each OTU that accounted for 1% or more of the bacterial community during the bioreactor operation relative to initial
conditions, as determined by high-throughput amplicon sequencing of 16S rRNA genes. The left axis shows a phylogenetic clustering of the OTUs based on sequence

alignment with MUSCLE (http://www.ebi.ac.uk). The right axis shows the genus level classification of each representative OTU sequence. The scale on the color key is
relative to the entire community (e.g. an increase in relative abundance from 1 to 5% would be shown as +4%). The relative abundance change of each OTU is shown
for all reactor replicates (e.g. 1, 2 and 3) at days 7, 14, 21, 28 and 35.

express different physiological capacities to degrade oleic acid. A
phylogenetic comparison of 16S rRNA gene sequences of char-
acterized Syntrophomonas species with that of the most abun-
dant Syntrophomonas-affiliated OTUs indicated that the enriched
OTUs were distributed throughout the genus (Fig. S10, Sup-
porting Information). The importance of Syntrophomonadaceae
species in anaerobic communities degrading LCFA has been im-
plicated in prior studies based onmolecular fingerprinting tech-
niques (Sousa et al. 2007a; Baserba, Angelidaki and Karakashev
2012). Yet, the quantitative results provided by the newly devel-
oped qPCR assays, in combination with high-throughput ampli-
con sequencing, further showed that increased oleic acid degra-
dation rates could be obtained with higher relative abundances
of β-oxidizing Syntrophomonas species. Thus, the abundance of
syntrophic β-oxidizing bacteria, as measured by the novel qPCR
assays, may be used to indicate the capacity of anaerobic di-
gester communities to β-oxidize fatty acids, in part involving
LCFA.

In contrast to Syntrophomonas, the relative abundance of the
Syntrophus genus was much lower in the initial seed and de-
creased throughout the bioreactor operation as measured by
qPCR. The high-throughput amplicon sequencing results also
indicated that Syntrophus-affiliated sequences decreased in rela-
tive abundance. These results suggested that Syntrophus species
were not growing through oleic acid β-oxidation either due
to out-competition by other populations or to LCFA inhibition.

The ability of Syntrophus species to degrade oleate remains to
be determined (Sousa et al. 2009), and their inability to do so
could have also contributed to their observed washout. The
disappearance of Proteobacteria-related species has been previ-
ously reported based on PCR-DGGE profiles of anaerobic com-
munities degrading oleic acid in batch (Sousa et al. 2007a) and
continuous (Baserba, Angelidaki and Karakashev 2012) modes.
It has also been suggested that Deltaproteobacteria were more
strongly associatedwith the degradation of saturated versus un-
saturated LCFA (Hatamoto et al. 2007b; Sousa et al. 2009). The
high-throughput amplicon sequencing indicated that Smithella,
a genus also within the Syntrophaceae family that is phyloge-
netically closely related to Syntrophus (Gray et al. 2011), main-
tained a stable abundance in the bacterial microbiomes over
time (Figs 4 and 5B). Smithella species have been associated with
syntrophic degradation of long-chain alkanes (Gray et al. 2011;
Embree et al. 2014), yet it is unclear if members of Smithella take
part in β-oxidizing LCFA. However, a partial genome of an uncul-
tured Smithella species obtained froman enrichedmethanogenic
hexadecane-degrading community showed that the bacterium
contained genes involved in LCFA β-oxidization (Embree et al.
2014). The saturated LCFA produced during oleic acid degrada-
tion (Table S2, Supporting Information) therefore may have sup-
ported the population of Smithella in the bioreactors. Thus, de-
spite the high target group coverage of the Syntrophus qPCR as-
say developed in this study (Table 2), it is possible that other
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Figure 5. Relative abundance of bacterial groups based on high-throughput am-
plicon sequencing of 16S rRNA genes from bioreactor samples taken on days 0,
7, 14, 21, 28 and 35 showing (A) the 12most abundant bacterial orders and (B) the
20most abundant genera. The groups were ranked based on their maximum ob-
served relative abundances, and all other groups were combined and are shown
as ‘Other’. The abundances of groups shown at each time point represent an
average of the triplicate bioreactors.

members of the Syntrophaceae family not targeted by the qPCR
assay, such as Smithella, were involved in LCFA degradation
within the bioreactors.

While previous studies have hypothesized a toxicity of LCFA
toward methanogenic archaea (Hanaki, Matsuo and Nagase
1981; Koster and Cramer 1987; Angelidaki and Ahring 1992),
the observed increase in the abundance of hydrogenotrophic
and acetoclastic methanogens (Fig. 3) suggested that oleic acid
and its intermediate degradation products did not exhibit a
permanent toxic effect on the methanogenic groups targeted
by qPCR. The strong correlation between the initial specific
methane production rate and the abundance of methanogenic
archaea (Fig. 2B) further showed that higher concentrations
of syntrophic β-oxidizing consortia resulted in more efficient
LCFA mineralization in the anaerobic bioreactors. The stable
abundance of Methanosaetaceae in the bioreactors revealed that
this acetoclastic group was growing on the acetate produced
through oleic acid β-oxidation (Table S2, Supporting Informa-
tion), even though oleic acid has been shown to inhibit aceto-
clastic methanogens (Hanaki, Matsuo and Nagase 1981; Koster
and Cramer 1987; Hwu and Lettinga 1997; Sousa et al. 2013).

Salvador et al. (2013) showed with PCR-DGGE that Methanosaeta
was the dominant acetoclastic genus in continuously fed biore-
actors treating oleate-based waste with LCFA loadings greater
than 10 g COD L−1 day−1. Yet, it was recently shown that oleate
was more toxic than palmitate to the acetoclastic methanogens
Methanosaeta concilii and Methanosarcina mazei (Sousa et al. 2013).
The results of this study provide quantitative evidence suggest-
ing that both hydrogenotrophic and acetoclastic methanogenic
groups remained active during oleic acid degradation.

To the best of our knowledge, this is the first application
of a high-throughput amplicon sequencing approach to char-
acterize anaerobic LCFA-degrading bacterial communities. The
changes in relative abundance of Syntrophomonas and Syntro-
phus sequences correlated with the levels predicted by the re-
spective qPCR assays (Pearson’s coefficients of 0.99, 0.93, respec-
tively; Fig. S11, Supporting Information), implying that this tech-
nique can be used to compliment novel qPCR assays applied
to complex environmental samples. The significant difference
in phylogenetic structure (weighted UniFrac distances) in the
bacterial microbiomes over time (Fig. S9, Supporting Informa-
tion) showed that growth on oleic acid selected for specialized
bacterial populations, which in this case were dominated by
Syntrophomonas species (Figs 1, 4 and 5). The high-throughput
sequencing also detected the growth of bacterial groups not
previously characterized to participate in syntrophic LCFA β-
oxidization (Fig. 4). For instance, E. coli is known to β-oxidize
LCFA anaerobically with nitrate as a terminal electron acceptor
(Campbell, Morgan-Kiss and Cronan 2003); yet, the cause of the
increase in relative abundance of Escherichia/Shigella-affiliated
sequences to 5% in these methanogenic bioreactors (Fig. 5B) is
not known. Moreover, increases in the relative abundance of se-
quences aligning with Synergistes and Levilinea (Figs 4 and 5),
members of which have been respectively associated with syn-
trophic short-chain fatty acid (Ito et al. 2011) and protein degra-
dation (Yamada and Sekiguchi 2009), suggested that the mi-
crobial oleic acid-degrading food web was potentially complex.
The increased abundance of these groups might be attributable
to growth on endogenous decay products and/or on byprod-
ucts of LCFA β-oxidization. However, the ecological role of these
groups in oleic acid-degrading communities warrants further
investigation.

Collectively, the results of this study contributed new evi-
dence to show that increased mineralization rates of LCFA were
a result of quantitative shifts within the microbiome toward a
higher abundance of β-oxidizing Syntrophomonas bacteria and
methanogenic archaea. The newly developed qPCR assays may
thus serve as a novel method to determine the fatty acid β-
oxidization potential of AD reactors based on the concentra-
tion of syntrophic β-oxidizing bacteria within the community.
Such an approach may lead to better anaerobic digester feed-
ing strategies that result in stable elevated methane production
from waste fats, oils and grease.

SUPPLEMENTARY DATA

Supplementary data is available at FEMSEC online.
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Davidsson Å, Lövstedt C, la Cour Jansen J, et al. Co-digestion
of grease trap sludge and sewage sludge. Waste Manag
2008;28:986–92.

DeSantis TZ, Hugenholtz P, Larsen N, et al. Greengenes, a
chimera-checked 16S rRNA gene database and workbench
compatible with ARB. Appl Environ Microb 2006;72:5069–72.

Eaton AD, Franson MAH. Standard Methods for Examination of Wa-
ter & Wastewater. Washington, DC: Amer Public Health Asso-
ciation, 2005.

Edgar RC. Search and clustering orders of magnitude faster than
BLAST. Bioinformatics 2010;26:2460–1.

Edgar RC, Haas BJ, Clemente JC, et al. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics
2011;27:2194–200.

Embree M, Nagarajan H, Movahedi N, et al. Single-cell genome
and metatranscriptome sequencing reveal metabolic inter-
actions of an alkane-degrading methanogenic community.
ISME J 2014;8:757–67.

Gray ND, Sherry A, Grant RJ, et al. The quantitative sig-
nificance of Syntrophaceae and syntrophic partnerships in
methanogenic degradation of crude oil alkanes. Environ Mi-
crobiol 2011;13:2957–75.

Hanaki K, Matsuo T, Nagase M. Mechanism of inhibition caused
by long-chain fatty acids in anaerobic digestion process.
Biotechnol Bioeng 1981;23:1591–610.

Hansen KH, Ahring BK, Raskin L. Quantification of syntrophic
fatty acid-β-oxidizing bacteria in amesophilic biogas reactor
by oligonucleotide probe hybridization. Appl Environ Microb
1999;65:4767–74.

Hatamoto M, Imachi H, Fukayo S, et al. Syntrophomonas palmitat-
ica sp. nov., an anaerobic, syntrophic, long-chain fatty-acid-
oxidizing bacterium isolated from methanogenic sludge. Int
J Syst Evol Micr 2007a;57:2137–42.

Hatamoto M, Imachi H, Yashiro Y, et al. Diversity of anaerobic
microorganisms involved in long-chain fatty acid degrada-
tion in methanogenic sludges as revealed by RNA-based sta-
ble isotope probing. Appl Environ Microb 2007b;73:4119–27.

Hori T, Haruta S, Ueno Y, et al. Dynamic transition of a
methanogenic population in response to the concentration
of volatile fatty acids in a thermophilic anaerobic digester.
Appl Environ Microb 2006;72:1623–30.

Hwu C-S, Lettinga G. Acute toxicity of oleate to acetate-utilizing
methanogens in mesophilic and thermophilic anaerobic
sludges. Enzyme Microb Tech 1997;21:297–301.

Ito T, Yoshiguchi K, Ariesyady HD, et al. Identification of a novel
acetate-utilizing bacterium belonging to Synergistes group 4
in anaerobic digester sludge. ISME J 2011;5:1844–56.

Jackson BE, Bhupathiraju VK, Tanner RS, et al. Syntrophus acid-
itrophicus sp. nov., a new anaerobic bacterium that de-
grades fatty acids and benzoate in syntrophic associa-
tion with hydrogen-using microorganisms. Arch Microbiol
1999;171:107–14.

Jonsson S, Borén H. Analysis of mono- and diesters
of o-phthalic acid by solid-phase extractions with
polystyrene–divinylbenzene-based polymers. J Chromatogr A
2002;963:393–400.

Karlsson A, Ejlertsson J, Nezirevic D, et al. Degradation of phenol
under meso- and thermophilic, anaerobic conditions. Anaer-
obe 1999;5:25–35.

Klindworth A, Pruesse E, Schweer T, et al. Evaluation of general
16S ribosomal RNA gene PCR primers for classical and next-
generation sequencing-based diversity studies. Nucleic Acids
Res 2013;41:e1–1.

Koster IW, Cramer A. Inhibition ofmethanogenesis from acetate
in granular sludge by long-chain fatty acids. Appl Environ Mi-
crob 1987;53:403–9.

Lalman J, Bagley DM. Effects of C18 long chain fatty acids
on glucose, butyrate and hydrogen degradation. Water Res
2002;36:3307–13.

Lalman JA, Bagley DM. Anaerobic degradation and inhibitory ef-
fects of linoleic acid. Water Res 2000;34:4220–8.

Lalman JA, Bagley DM. Anaerobic degradation and
methanogenic inhibitory effects of oleic and stearic acids.
Water Res 2001;35:2975–83.

Lee C, Kim J, Hwang K, et al. Quantitative analysis of
methanogenic community dynamics in three anaerobic
batch digesters treating different wastewaters. Water Res
2009;43:157–65.

 by guest on Septem
ber 2, 2016

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


12 FEMS Microbiology Ecology, 2015, Vol. 91, No. 4

Lozupone C, Knight R. UniFrac: a new phylogenetic method
for comparing microbial communities. Appl Environ Microb
2005;71:8228–35.

Luostarinen S, Luste S, Sillanpää M. Increased biogas produc-
tion at wastewater treatment plants through co-digestion of
sewage sludge with grease trap sludge from a meat process-
ing plant. Bioresource Technol 2009;100:79–85.

McInerney MJ. The genus Syntrophomonas, and other syntrophic
bacteria. In: Balows A, Truper HG, Dworkin M, et al. (eds). The
Prokaryotes. New York, NY: Springer, 1992:2048–57.

McMahon K. Anaerobic codigestion of municipal solid waste
and biosolids under variousmixing conditions—II: microbial
population dynamics. Water Res 2001;35:1817–27.

McMahon KD, Zheng D, Stams AJM, et al. Microbial population
dynamics during start-up and overload conditions of anaer-
obic digesters treating municipal solid waste and sewage
sludge. Biotechnol Bioeng 2004;87:823–34.

Mata JA, Martı́nez-Cánovas J, Quesada E, et al. A detailed phe-
notypic characterisation of the type strains of Halomonas
species. Syst Appl Microbiol 2002;25:360–75.

Menes RJ, Travers D. Detection of fatty acid beta-oxidizing syn-
trophic bacteria by fluorescence in situ hybridization. Water
Sci Technol 2006;54:33.

Narihiro T, Terada T, Ohashi A, et al. Quantitative detection
of previously characterized syntrophic bacteria in anaerobic
wastewater treatment systems by sequence-specific rRNA
cleavage method. Water Res 2012;46:2167–75.

NielsenHB, Ahring BK. Responses of the biogas process to pulses
of oleate in reactors treating mixtures of cattle and pig ma-
nure. Biotechnol Bioeng 2006;95:96–105.

Palatsi J, Illa J, Prenafeta-Boldú FX, et al. Long-chain fatty acids
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